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 ABSTRACT 

 
A case study is presented to show how stress field information can be used to assess the long-term rheological 
behaviour of an equivalent geo-material. The example concerns a granitic rock mass at the km3 scale where an 
underground hydropower scheme including a new 10 km long power conduit and a powerhouse complex located about halfway in the conduit and 500 m below ground level will be constructed. For design of the underground 
cavern and hydraulic pressure tunnel, several in situ stress measurements were carried out, using hydraulic, 
overcoring and flat jack techniques. Integration of the several in situ test results through a continuum mechanics 
model shows that the long-term behavior of this granite rock mass differs markedly from the short-term 
behaviour as defined by laboratory measurements on cores. The large scale stress field is found to depend 
mostly on the softer material that fills up the faults and hence results from the shear stress relaxation over a large number of pre-existing fractures and faults. The overall granite rock mass may be viewed as a combination 
of stiff elastic blocks separated by soft low strength material, leading to a fairly large scale homogeneous 
axisymmetrical stress field with vertical axis, with local strong anomalies that correspond to either high or low 
stress magnitudes. 
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 INTRODUCTION 
 

In situ measurements are essential for characterising the natural stresses that exist in a rock mass and such a 
characterisation is required for designing deep underground structures, such as caverns or tunnels. Depending 
on the domain of application, the most commonly used stress determination methods involve stress relief 
techniques, hydraulic tests in boreholes, analysis of borehole breakouts and drilling induced fractures, or 
inversion of seismic focal mechanisms. More techniques exist, and comprehensive reviews of stress 
determination methods may be found in Amadei & Stephansson (1997), Ljunggren et al. (2003) or Zang & 
Stephansson (2010). 
 
When locations of measurements are diverse with strong effects of topography and/or geological structures, a common procedure for integrating the data is to develop a numerical model for evaluating the stress field at the 
scale of the problem under consideration. In this approach, the stress field is assumed to be continuous, and a 
solution is then identified adjusting the boundary conditions, or the material properties, or both, so as to best fit 
the functions that define the stress field in the rock mass volume where measurements have been conducted 
(e.g. Tonon et al., 2001; Li et al. 2009; Meng et al., 2010). The difficulty with this approach is keeping the 
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numerical model simple enough so that constraining data (e.g. the measured stress components and the 
assumptions) are substantially more numerous than the number of degrees of freedom of the model. In this type 
of approach, the elastic parameters measured in laboratory tests performed on cores are usually input in the 
numerical model used for retrofitting the stress field. This neglects the rheological behaviour of the rock mass, 
which may play an important role on the in situ stress distributions, because they are the cumulative product of 
events in the geological history, e.g., gravitational, tectonic, residual, and terrestrial stresses (Amadei & 
Stephansson, 1997). Rheological effects are difficult to assess through laboratory testing, because the time 
scale is very small comparatively with the geological time scale. 
 
This paper presents a case study where various in situ stress measurements were conducted in a granite rock 
mass for the design of an underground hydropower scheme that includes a new 10 km long power conduit and a powerhouse cavern and a large surge chamber located about halfway in the conduit and 500 m below ground 
level (Figure 1). A combination of nineteen hydraulic fracturing tests (HF) and hydraulic tests on pre-existing 
fractures (HTPF) were performed in two 500 m deep vertical boreholes (PD19 and PD23) in the immediate 
vicinity of the planned underground powerhouse (Figures 1 and 2). 
 

 Figure 1. Layout of the Paradela II hydroelectric repowering scheme (courtesy of Energy of Portugal-EDP).  

 Figure 2. Vertical cross-section A-A’ along the pressure tunnel showing the relative location of the adit with 
respect to the 500 m deep vertical boreholes PD19 and PD23. 
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In order to combine various measuring techniques for this stress evaluation, as recommended by the ISRM 
Suggested Method (Hudson et al., 2003), and to validate these results for other locations, further testing was 
conducted in a horizontal existing adit excavated some 50 years ago and located around 1.7 km from the 
previous location. This adit has a 2.4 x 2.0 m2 rectangular cross section. This testing included stress 
measurements by overcoring and the flat jack method. The 60 m deep boreholes PD1 and PD2 are 150 m apart 
and have been drilled specifically for twelve overcoring measurements (Figure 2). Twelve small flat jack tests 
were done in the three locations SFJ1, SFJ2 and SFJ3 shown in Figure 3. 

 

  
  

Figure 3. Vertical cross-section along the adit axis (above) and three dimensional scheme of the adit (below) 
showing the location of overcoring and flat jack tests.  

A 3D numerical model was developed to integrate the various measurements in order to define the stress field 
that better fits all sets of results from the different testing techniques. The paper discusses how the determination 
of the stress spatial variations may help ascertain the loading mechanism at the origin of the measured stress 
field as well as the long-term rheological behavior of the equivalent geo-material under consideration. 
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IN SITU STRESS MEASUREMENTS 
 
Hydraulic tests 
 
Hydraulic tests involved two different techniques, hydraulic fracturing (HF) and hydraulic testing of pre-existing 
fractures (HTPF), following the procedures described by Haimson & Cornet (2003). The hydraulic testing 
equipment used for these measurements includes an inflatable straddle packer system together with an 
electrical imaging device (Cornet et al., 2003).  
 
For HF, a portion of a borehole free of pre-existing fractures is isolated with the straddle inflatable packer. The 
pressure is progressively raised in the isolated interval till a hydraulic fracture develops at the so called breakdown pressure Pb (Figure 4). Then the fracture is extended till it reaches zones outside the domain of 
influence of the borehole. When the fracture no longer extends, the hydraulic injection system is kept shut for 
some time (a few minutes) to monitor the subsequent pressure decay. This testing period is called the shut-in 
period. At the end of shut-in, the system is shortly bled (a few seconds) and the subsequent pressure build-up is 
observed for a few minutes. This part of the test is called flow-back and ends the first testing cycle. This testing 
cycle is repeated at least twice and sometimes more, when results show some drifting from one cycle to the next 
(Figure 4). The pressure at which the fracture closes is called the instantaneous shut-in pressure Ps. It is equal 
to the normal stress component acting on the fracture plane, i.e. the natural minimum principal stress component 
when the hydraulic fracture has propagated far enough from the borehole.  
 

 Figure 4. Typical curve for the interval pressure record versus time during a hydraulic fracturing test. Pb is the 
breakdown pressure and Ps is the instantaneous shut-in pressure. 

 
The HTPF procedure is very similar to the HF procedure except that the isolated borehole portion is supposed to already include one single pre-existing fracture. The pressure is raised sufficiently slowly to insure a uniform 
pressure distribution within the fracture close to the borehole. When the injection pressure reaches the normal 
stress accross the fracture plane, the fracture opens. This quasi-static fracture opening operation changes all the 
components of the stress field in the vicinity of the fracture except the stress component normal to the fracture 
plane. Once the fracture has been opened up to distances far enough from the borehole, the instantaneous shut-in pressure of HTPF yields an estimate of the normal stress component perpendicular to the fracture plane 
away from the borehole. The geometry and orientation of the tested fractures are determined through a 
comparison between the oriented electrical images obtained before and after hydraulic tests. 
 
Evaluation of the uncertainty on HF and HTPF measurements was made by estimating a 99% confidence 
interval for the normal stresses and fractures orientations (Cornet et al., 2003). 
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Overcoring tests 
 
The overcoring method is based on the stress relief principle. It yields the complete stress state at the 
corresponding location through a single overcoring operation, provided linear elasticity applies. For these 
measurements the Stress Tensor Tube (STT), initially developed by Rocha & Silvério (1969), was used. 
 
The STT strain measurement device is a hollow epoxy resin cylinder with an outer diameter of 35 mm, an 
approximate length of 20 cm, and a thickness of 2 mm (Figure 5). The cell has 10 electrical resistance strain 
gauges embedded in positions normal to the faces of a regular icosahedron, which enables equal sampling of 
the strain field in all directions (Pinto & Cunha, 1986). The cell includes a metal capsule that houses the data 
acquisition unit as well as a thermocouple. Readings of all strain gauges and of the temperature are conducted at fixed time intervals (60 seconds) and then are stored in the local memory. 

 
Data acquisitionStrain gauges Data acquisitionStrain gauges

 Figure 5. STT cell and data acquisition unit. 
 
A test consists of the following operations: (1) drilling of a 140 mm diameter borehole to the depth of interest; (2) drilling a concentric 37 mm diameter borehole from the bottom of the large diameter hole in which the STT cell is 
inserted and glued to the walls; and (3) resuming the drilling of the large diameter hole to a depth compatible 
with a complete stress relief around the cell. After overcoring, the rock core with the STT cell are recovered. 
 
Figure 6 provides an example of the variation of strains with time at the location of the ten strain gauges during 
an overcoring test. The dashed line represents the variation of the temperature with time. The differences 
between strain readings taken before and after overcoring when the temperature is stabilised these values 
correspond to the strains that result from the stress relief. 
 

 Figure 6. Strain versus time curves obtained during an overcoring test. 
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Elastic constants of the rock core were determined through biaxial compression tests conducted on the cores 
with a biaxial chamber in which a radial hydraulic pressure is applied. Three loading and unloading cycles were 
performed and the strains at the location of the ten strain gauges were measured. With the measured ten strains 
that result from a biaxial loading, the elastic constants (elastic modulus E and Poisson’s ratio ) of the overcored 
core were determined. By considering the set of six biaxial tests obtained in each borehole, the following mean 
values for the elastic constants have been determined: in borehole PD1 E=60.8 GPa, = 0.30; in borehole PD2: 
E=57.7 GPa, =0.35. Once the strains resulting from overcoring have been measured and the elastic constants 
were determined, the least squares method was applied for determining the six components of the stress tensor 
in a co-ordinate system associated with the STT cell (Pinto & Cunha, 1986). 
 Evaluation of the uncertainty on the stress measurements is based on considerations on the dispersion of the 
measurements rather than on a rigorous error analysis procedure. The various pairs of overcoring tests that 
were conducted (i.e. tests conducted within 5 m from one other) were considered. For each pair of tests the 
mean difference between principal stress components was determined, and then the mean value for all pairs 
was evaluated. This led to a 1.5 MPa dispersion estimate, which is the value chosen for characterizing the 
uncertainty on the various principal stress components. With this approach, no concern is given to the 
systematic bias that may result from the linear, isotropic, elastic assumption.  
Small flat jack tests 
 
The small flat jack testing method (Rocha et al., 1966, Habib & Marchand, 1952) is based on the stress relief 
principle and implies a partial stress relief followed by stress compensation. In this technique, two pairs of pins 
are placed on the rock surface, and the initial distance between the pins of each pair is measured with digital 
transducers. Then, a 10 mm-thick slot is cut perpendicularly to the rock surface, using a 60 cm diameter 
diamond disk, till a 27 cm depth is reached. Due to the partial stress relief, deformations occur in the direction 
normal to the slot and the distance between the pins of each pair decreases. Subsequently, a circular flat jack, 
consisting of two thin metal plates welded together, is inserted in the slot and pressurised until the distance 
between the pins is restored. During the test, the variation of the distance between the two pins of each pair, 
caused by the applied pressure, is recorded. Figure 7 shows a plot of relative displacement versus pressure 
obtained during a typical test. The pressure required to restore the initial position of the pins is called the 
“cancellation pressure”, and it is assumed to be equal to the stress component normal to the slot plane. In this 
determination, only the loading phase observed during the first cycle was considered. An uncertainty of 2 MPa in 
the normal stress values was assumed to take into account variations in the elastic constants, geometry of the adit and normal stress measurements. 
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Figure 7. Typical pressure versus displacement curves obtained during small flat jack tests. 
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DATA INTEGRATION 
 
 
Continuum mechanics model 
 
To determine the regional stress field, the results of the stress measurements were integrated in a 3D numerical 
model that minimises differences between the observations and the model predictions. The objective is to define 
a simple enough model so that the number of constraining data is much larger than the number of unknown 
parameters (degrees of freedom) for the model. The corresponding set of differential equations that describe its 
mechanical behaviour are solved with explicit finite differences using the software FLAC3D (Itasca, 2009). The 
mesh constructed with the FLAC3D software (Figures 1 and 8) is composed of 600,000 elements. It is finer 
above sea level, with cubic 25 m-sided elements. Below sea level, the elements are 50 m  50 m  100 m3. A 
2.5 km extension below sea level was assigned in the vertical direction so that boundary conditions at the base 
of the model do not affect the stress evaluations where topography is significant (Figueiredo et al., 2014). 
Boundary conditions imposed on the vertical boundaries are part of the model definition, as discussed here after, 
and a condition of no vertical displacement was imposed on the horizontal basal boundary.  
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 Figure 8. Mesh of the FLAC3D model. 
 Integration of hydraulic and overcoring test results 
 
The l1-norm method (Gephart & Forsyth, 1984) was used as the normative measure of the misfit between 
observations and predictions with the FLAC3D model. This method considers the sum of the absolute values of 
the differences between observations and predictions. The various explicit uncertainties were normalized by the 
magnitude of the corresponding measurements, which leads to an adimensional misfit function. 
 
Hydraulic and overcoring test results were combined. Since the hydraulic testing and overcoring methods are of 
different natures and concern different rock volumes, weighting parameters were introduced. They take into 
account the volume involved by a given measurement for each of the testing techniques. Further, each 
measurement was weighted according to the relative value of its misfit with respect to the global value that may 
be used for characterizing stress determinations conducted with hydraulic tests alone or overcoring tests alone (Figueiredo et al., 2014). 
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Solution with gravity loading and elastic parameters from tests on core samples 
 
A first model considering only gravity was investigated by assuming that the elastic properties of the rock mass 
were equal to the average values measured by uniaxial compression tests on cores extracted from various 
locations in the rock mass (E=45 GPa, =0.25). The rock mass density was set equal to 2650 kg/m3. No 
optimization was undertaken. A comparison between measured and computed stress values is shown in Figure 
9.   

 Figure 9: Variation of the magnitudes of the normal stresses obtained by hydraulic testing (n,mes) and with the 
FLAC3D model (n,calc) run with gravity loading only in boreholes (a) PD19 and (b) PD23 as a function of depth, 

when the Poisson’s ratio is taken equal to 0.25. 
 

Analysis of hydraulic data demonstrates that one principal stress component is sub-vertical within most of the 
volume that was tested. The other two components are sub-horizontal and of similar magnitude. Several local zones of heterogeneity were encountered, which have been attributed to pre-existing inclined fractures, as 
observed on the electrical imaging logs. For most tests, differences between measured and calculated values 
are found to be much larger than measurements uncertainties. A slightly better fit was obtained by introducing a 
so called horizontal tectonic component, but the maximum principal stress direction measured at 475 m depth 
below surface was nearly perpendicular to the direction known from local focal plane solutions.  
 Identification of the long-term rock mass rheology 
 
In the previous analysis, the influence of time on in situ stress distributions was neglected. Actually, the current 
stress state within a rock mass is the response of the material to a series of past geological events that depends 
on time. In addition, the elastic parameters obtained from tests conducted on intact cores may be unrealistic in a simulation of rock mass behaviours at larger space and time scales because at a large space scale, the rock 
mass includes an important natural fracture network and may have a time dependent behaviour.  
Creep of a rock masses may be assessed by using a visco-elasto-plastic model. However, the objective here is 
not to simulate the time transients of the deformation, but rather to extrapolate results of local stress 
measurements to locations of interest for the design of openings required by the future hydroelectric 
infrastructures. An equivalent linearly elastic material with softer elastic properties than the properties obtained 
from uniaxial compression tests performed in intact cores is proposed for considering rheological effects 
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(Figueiredo et al., 2014). Since changing the elastic modulus does not induce any change in the stress field for a 
homogeneous rock mass, only an increase of the apparent Poisson’s ratio value was necessary.  
A satisfactory solution was identified when considering only gravity, but assuming a much larger Poisson’s ratio 
for the rock mass. The optimum value of 0.47 minimized the differences between observed and computed 
values for both hydraulic tests and overcoring tests. The profiles of the measured and calculated normal stresses 
(n) due to gravity loading with a 0.47 Poisson’s ratio are shown in Figure 10. The difference between measured 
and computed normal stress magnitudes is less than three standard deviations for approximately 75% of the 
tests, which is considered acceptable given the many simplifying assumptions implied by this model. 
 

 Figure 10. Variation with depth of the normal stress magnitudes as measured by hydraulic testing (n,mes) and 
computed with the FLAC3D model with =0.47, considering gravity effects only, in boreholes (a) PD19 and (b) 

PD23. 
 Comparison of measured and computed principal stress values at the location of overcoring tests in boreholes 
PD1 and PD2 is shown in Figure 11. Lines represent values computed with the FLAC3D model, and dots 
represent overcoring results. The position above sea level of the adit axis is also represented. At the depth of the 
tests, the calculated maximum principal stress is parallel to the boreholes axes and the other two components 
are sub-horizontal and of similar magnitude. This agrees with the results of the stress measurement results. The 
fact that the two horizontal principal stress components are nearly equal and the local heterogeneities explain 
the dispersion on the orientations observed for the direction of the horizontal principal stresses. In addition, with 
exception of the sub-vertical principal stresses in borehole PD1 between 600 and 625 m above sea level and the 
two shallow overcoring tests conducted in borehole PD2, approximately 75% of the measured and computed 
principal stresses are in satisfactory agreement (the difference between both values is less than 1.5 MPa). 
 
Hence, hydraulic and overcoring data may be explained by a linearly elastic rock mass under gravitational load 
provided the Poisson’s ratio for the equivalent material is considerably larger than that measured during short-
term laboratory tests and used for interpreting overcoring tests.  
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Figure 11. Variation with elevation above sea level of the magnitude of the principal stresses (I, II, III) 

obtained by overcoring testing (OC) and with the FLAC3D model (FM), with =0.47 and considering gravity 
effects only. 

 
Analysis of the test results obtained close to the adit 
 
In this section the influence of the adit on the flat jack measurements and overcoring tests run close to the adit 
walls is analysed. Firstly, a comparison of measured and computed normal stress values was made at the 
location of the small flat jack tests. Since the stresses provided by the small flat jack technique do not correspond to the far-field stress components because they are influenced by the existing adit, a three-
dimensional numerical model was developed using the code FLAC3D (Figure 12a) for the interpretation of the 
small flat jack test results. This model is a 30  30  5 m3 solid and includes the rectangular cross section of the 
adit. In this model, a Poisson’s ratio value of 0.25 obtained from uniaxial compression tests conducted on intact 
cores was considered. 
 

 Figure 12: (a) Three-dimensional model used for interpretation of the small flat jack tests (b) comparison of the 
magnitudes of the normal stresses obtained by the small flat jack technique (n,mes) and with the FLAC3D model 

(n,calc) considering gravity effects only.  
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The model is used to calculate the normal stresses at the location of the small flat jack tests by considering the 
far-field stress tensor components obtained with the large-scale model shown in Figure 7, providing a Poisson’s 
ratio of 0.47 is taken for the rock mass. A comparison between the normal stresses obtained this way and the 
stresses actually measured with the small flat jacks is shown in Figure 12b. The figure shows that for 
approximately 75% of the small flat jack tests, the discrepancies between measured and calculated normal 
stresses are smaller than the uncertainty on the normal stresses. In test number 3, the discrepancy between the 
measured and calculated normal stress value was due to a technical problem, it was not possible to run the 
measurement immediately after the slot had been cut and, hence, the rock was displayed a creeping behaviour. 
In tests number 5 and 9, large sub-vertical stress components were measured, and this is also visible from the 
results of overcoring tests done in borehole PD2 at shallow depths. 
 Secondly, the stress field without the adit was calculated with the model shown in Figure 8, at the location of the 
shallow overcoring tests done in boreholes PD1 and PD2. To analyse the influence of the adit, these stress 
components were used as boundary conditions in the model shown in Figure 12, and the stresses at the location 
of the shallow overcoring tests were calculated. Results show that the FLAC3D model results, obtained at the 
depths of the shallow overcoring tests done in borehole PD2, are not in satisfactory agreement with the stress 
measurements provided by overcoring. It was found that the stress perturbation induced by the adit at the 
location of the shallow overcoring tests is negligible, and it is not possible to explain the stresses measured by 
the two shallow overcoring tests in borehole PD2 and flat jack tests number 5 and 9. The source of this local 
heterogeneity is likely linked to a local fracture zone but this possibility was not further explored. 
 
 CONCLUSION 
 
Several in situ stress measurements were conducted at the Paradela II site for the design of an underground 
power scheme that includes a large powerhouse cavern and a hydraulic pressure tunnel. The measurements 
include hydraulic tests in two 500 m deep vertical boreholes, overcoring tests in two 60 m deep vertical 
boreholes drilled from an existing adit and small flat jack tests on the walls of the same adit.  
Results from the various measurements were integrated in a continuum mechanics model. Results show that 
75% of the measurements are consistent with a linearly elastic equivalent geo-material, with properties that 
correspond to a much softer material than suggested by laboratory tests on cores and used for interpreting both 
overcoring and flat jack tests. At the time scale of the existing adit, the elastic parameters derived from tests on core yield satisfactory results, but the large-scale stress field is explained by the much softer properties. This 
leads to the conclusion that the observed large-scale stress field results from the shear stress relaxation over a 
large number of pre-existing fractures and faults with very variable orientations (see Figure 1). This suggests two 
possibilities for modelling this stress field: a visco-elastic model with very high viscosity so that it behaves 
elastically at the scale of 50 years but behaves like a fluid at the scale of millions of years; or a linearly elastic 
model with a network of fracture sets with sufficiently diverse orientations and little long-term shear strength so that the long-term stress field is sub-hydrostatic away from topographic limits. This shows how stress field 
information can be used to assess the long-term rheology of a granitic rock mass, which is very difficult to 
characterize through laboratory testing, because of the inherent extremely small time scale. 
 
The safe design of the unlined hydraulic pressure tunnel requires that the planned water pressure be smaller 
than the smallest minimum principal stress value encountered along the tunnel. As a consequence, the design of 
the hydraulic pressure tunnel should be made in terms of the minimum expected value for the minimum principal 
stress magnitude instead of the average value. This can be achieved by considering the normal stress 
measurements for those the mean values are smaller than three standard deviations of the expected trend 
obtained from the regional stress field assessment. As a result, from that measured and expected normal stress 
values, a lower bound value of a 99% confidence interval for the minimum principal stress is calculated and 
affected by a safety factor, for design purposes of the hydraulic pressure tunnel.  
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